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OBJECTIVE — Because declines in acute insulin response (AIR) and insulin action (M) pre-
dict development of type 2 diabetes, we sought to determine childhood factors that predict
insulin action and AIR using longitudinal data from young Pima Indian adults with normal
glucose regulation.
RESEARCH DESIGN AND METHODS — Predictors of adult M, measured by the
euglycemic-hyperinsulinemic clamp, and AIR, measured after a 25-g glucose bolus, were as-
sessed in 76 individuals from a set of childhood data (BMI, systolic blood pressure [sBP] and
diastolic blood pressure, cholesterol, fasting and 2-h insulin, and glucose levels during an oral
glucose tolerance test).
RESULTS — After adjustment for sex, adult percent body fat, adult and childhood age, child-
hood BMI, and sBP were negative and independent predictors of adult M. A 5 kg/m
2 increase in
childhood BMI was associated with a 7.4% decrease in adult insulin action (95% CI 12.7 to
1.8%, P  0.01) and a 10-mmHg increase in childhood sBP with a 5.0% decrease in adult M
(95% CI 8.4 to 1.4%, P  0.007). After a similar adjustment with M as an additional
covariate, childhood 2-h insulin was a positive predictor of adult AIR such that a 25% increase
predicted a 7.3% increase in adult AIR (95% CI 1.5–13.5%, P  0.014).
CONCLUSIONS — Childhood insulin response during an oral glucose challenge predicts
adult AIR, indicating that -cell capacity may be set early in life. Childhood measures related to
adiposity predict adult insulin action, which may reﬂect common underlying mechanisms that
may be amenable to modiﬁcation through programs targeting prevention or treatment of child-
hood obesity.
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T
ype 2 diabetes is a lifelong process
progressing from normal glucose
regulation to impaired glucose reg-
ulation and ultimately to diabetes (1). If
lifestyle interventions are initiated in peo-
ple with impaired glucose regulation,
type 2 diabetes can be prevented, at least
in the short term (2). However, over
longer periods, once impaired glucose
regulation has occurred, a large propor-
tion of people may eventually develop
type 2 diabetes despite preventive efforts
(3). Development of type 2 diabetes is
preceded by declines in insulin release
frompancreaticisletcellsandinsulinsen-
sitivity such that even in people with nor-
mal glucose regulation, these two




ent changes in glucose handling (1).
Riskfactorsincludingobesity,dyslip-
idemia, hypertension, and glucose intol-
erance are known to predict type 2
diabetes (5). Many of these also track
from childhood into adulthood (6–8),
and it has been shown that early life
eventssuchasinuteroexposuretodiabe-
tes and childhood obesity predict future
riskoftype2diabetes(9,10).Therelation
of these risk factors during childhood to
later adult measures of acute insulin re-
lease (AIR) and insulin sensitivity before
the development of diabetes is not well
deﬁned but may lead to greater under-
standing of the pathogenesis of type 2 di-
abetes and point to targets for early
intervention.
We evaluated a subset of childhood
metabolic measures including blood
pressure, BMI, cholesterol, and fasting
and 2-h glucose (2hG) and insulin
(2hIns) levels during an oral glucose tol-
erance test in the Pima Indians of the Gila
River Community of Arizona, a popula-
tion with a high prevalence of type 2 dia-
betes. These measures were assessed as
potential predictors of insulin action (M)
and AIR in adults with normal glucose
regulation, before potential pathologic
declines in -cell function.
RESEARCH DESIGN AND
METHODS— Data were collected
prospectively in 76 full-heritage Pima In-
diansfromtheGilaRiverIndianCommu-
nity. Since 1965, all residents of the
communityage5yearsorolderhavebeen
invited to participate in a longitudinal
study of health that included a biennial
health exam as well as a 75-g oral glucose
tolerance test (OGTT). For children un-
der the age of 18 years, written informed
consent was provided by a parent or
guardian and the child assented. For this
subset analysis, we selected the earliest
examinthoseparticipantswhowereeval-
uated between their 5th and 16th birth-
days, with all measures recorded for BMI,
systolic blood pressure (sBP), diastolic
blood pressure (dBP), cholesterol, and
fasting and 2-h plasma glucose and insu-
lin levels during the OGTT (n  1,435)
and excluded those children with type 2
diabetes, as determined by the 2003
AmericanDiabetesAssociation(ADA)cri-
teria (11) (n  27). Of the remaining
1,408 individuals, 198 participated as
nonsmoking healthy adults in our study
investigating metabolic determinants of
type 2 diabetes (12) with complete data
for M and AIR measurements. All adults
provided written informed consent. For
the purposes of ensuring adequate sepa-
ration between childhood and adult mea-
sures, only adults 21 years or older were
included in this analysis. As adults, we
excluded those individuals with impaired
glucose regulation (n  117) and those
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5), a factor known to dramatically in-
crease the risk of developing diabetes by
the third decade (13) and to reduce acute
insulin release in Pima Indians (14). In
uteroexposuretodiabeteswasdeﬁnedby
a conﬁrmed date of diabetes diagnosis in
the mother that preceded the child’s birth
dateoranOGTTduringpregnancywitha
2-hvalueof11mmol/l.Intheﬁnalsub-
set of 76 subjects (38% of eligible adult
subjects), the childhood evaluations
spanned the years 1979–1994, and the
adultvisitsoccurredovertheyears1987–
2004. Both study protocols were ap-
proved by the Institutional Review Board
of the National Institute of Diabetes and
Digestive and Kidney Diseases.
Childhood measurements
All individuals were asked to arrive to the
visit after an overnight fast. A 75-g OGTT
was performed. Fasting and 2-h blood
samples were drawn for measurement of
glucose and insulin concentrations.
Plasma glucose was measured by an auto-
analyzer using the potassium ferricyanide
method (Technicon Instruments, Tarry-
town, NY). Serum insulin concentrations
were measured by radioimmunoassay us-
ing the Herbert modiﬁcation of the Yalow
and Berson method (15) or an automated
analyzer (Concept 4; ICN Radiochemi-
cals, Costa Mesa, CA). All insulin values
were converted using regression equa-
tionstotheearlierradioimmunoassayval-
ues for comparability. Height was
measured using a stadiometer and weight
using calibrated scales by a set of trained
observers. No standard measures of pu-
berty were available.
Adult measurements
OGTTs (75 g) were used to exclude peo-
ple with diabetes before enrollment and
to classify glucose tolerance. Normal glu-
cose regulation was determined using
2003ADAcriteria,afastingglucose5.6
mmol/l, and a 2hG 7.8 mmol/l (11). All
plasma glucose concentrations were de-
termined by the glucose oxidase method
(Beckman Instruments, Fullerton, CA).
Upon admission to the clinical research
unit, participants were given a weight-
maintaining diet (50% carbohydrate,
30% fat, and 20% protein) and asked to
abstain from strenuous exercise. Body
composition was estimated by underwa-
ter weighing with determination of resid-
ual lung volume by helium dilution (20
participants) or by total-body dual-
energy X-ray absorptiometry (DPX-L;
Lunar Radiation, Madison, WI) (56 par-
ticipants). Percent body fat measure-
ments from the dual-energy X-ray
absorptiometry scan were converted to
underwater values using a conversion
equation (16).
AIRwasdeterminedusinganintrave-
nous glucose tolerance test. A 25-g glu-
cose bolus was given over 3 min, and
blood was drawn every minute until the
ﬁfth minute for measurement of insulin
levels. The AIR was calculated as the av-
erage increase in plasma insulin from
baseline during this time period. Plasma
insulin concentrations were determined
by radioimmunoassay via an automated
analyzer, either the Concept 4 analyzer
described previously or an Access ana-
lyzer (Beckman Instruments). All insulin
measurements were normalized to the
earliest radioimmunoassay using regres-
sion equations for comparability with
childhood values.
Insulin action was assessed using a
euglycemic-hyperinsulinemic clamp. Af-
teranovernightfast,aprimedcontinuous
insulin infusion was administered
through an antecubital vein at 40 mU/m
2
per minute for 100 min. The plasma glu-
cose concentrations were measured every
5 min after the start of the insulin infu-
sion, and a variable infusion of 20% dex-
trose was used to maintain plasma
glucose at 5.6 mmol/l. The rate of glucose
required to maintain euglycemia, as a
measure of insulin sensitivity (M), was
calculated for the last 40 min of the in-
sulin infusion and corrected for both
steady-state plasma insulin levels and en-
dogenous glucose production. Endoge-
nous glucose production was determined
at baseline (120 min) and during the in-
sulin infusion using a primed continuous
infusion (0.3 Ci/min) of [3-
3H]glucose.
M values were normalized to estimated
metabolic body size, or fat-free mass
17.7 kg (17). The average coefﬁcient of
variation for M was 2.2% in this subset of
individuals.
Statistical analysis
Subject characteristics are presented as
means  SD if normally distributed and
as median with 25th and 75th percentiles
if skewed. M, AIR, and insulin levels were
log10 transformed to meet the assump-
tions of linear regression. Linear regres-
sion models were used to determine
subsets of childhood predictors of adult
M and AIR using backward selection, i.e.,
all factors were initially placed in the
model, and the weakest factors were se-
quentially rejected until only those with a
P  0.1 remained. Signiﬁcance level was
set at P  0.05. Adult and childhood age,
sex, and percent body fat were not made
available to the stepwise procedure and
thus,bydefault,wereincludedintheﬁnal
model. Additionally, M was forced into
the model for AIR. Because of concerns
about the small sample size relative to the
numberofpredictorvariables,themodels
werealsorunusingforwardselection,i.e.,
the variables most strongly related to the
outcomeareenteredintothemodeloneat
a time until none of the remaining vari-
ables improve the model, with identical
results. The validity of the selected mod-
els was assessed using bootstrapping (18)
with 1,000 replicates, each with a sample
size of 76, created by sampling with re-
placementfromtheoriginaldataset.Boot-
strapping provides an estimate of what
might be observed with multiple repeti-
tions of a study. The backward selection
procedure was applied to each of the
1,000 replicates to verify the stability of
the chosen predictors in the ﬁnal mod-
els. The ﬁnal model for AIR was also
applied to adult 30-min insulin levels
during the OGTT, a frequently used
surrogateforAIR.Allanalyseswereper-
formed using SAS Enterprise Guide 4.
RESULTS
Subject characteristics
Subject characteristics for the 76 individ-
uals (63% male) included in this study
duringbothchildhoodandadulthoodare
presented in Table 1. The median dura-
tion of follow-up time between the child-
hood and adult evaluations was 13.4
years (range 6.5–21.0). A total of 55%
had at least one parent who developed
type 2 diabetes before the age of 45 years.
However, parental diabetes before age 45
years,ifincludedineithermodel,wasnot
a signiﬁcant predictor of M or AIR in this
subset.Atthechildhoodvisit,theindivid-
uals included in this analysis compared
with those 1,332 children not included
were of a similar age but had signiﬁcantly
lower average BMI, cholesterol, sBP, fast-
ing insulin, and 2hIns levels. The differ-
ences in sBP and 2hIns levels were
attributabletotheBMIdifferences.Onav-
erage, the individuals in this analysis, as
adults, were relatively young and obese
with an average BMI of 34.2 kg/m
2 and
body fat of 32.3%. This is not substan-
tiallydifferentfromthecompletegroupof
full heritage adult Pima Indians who have
participated in our metabolic studies. By
Thearle and Associates
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normal glucose regulation and normal
blood pressure. As expected, there was a
high degree of correlation between the
childhood factors that were evaluated as
predictors of M and AIR (Table 2). The
highest correlations were between BMI
and insulin levels as well as glucose and
insulin levels, with no difference between
sexes.
Childhood predictors of adult
insulin action
The ﬁnal regression model included
childhood sBP (P  0.007) and child-
hood BMI (P  0.01) as negative predic-
tors of insulin action after controlling for
sex, adult percentage body fat, and child
and adult age (F  9.62, r
2  0.46, P 
0.0001) (Fig. 1). These two childhood
measures explained an additional 14% of
the variance in adult M over the reduced
model. Because insulin action was log
transformed, the clinical meaning of the
relationship between M and the child-
hood factors is reported in terms of per-
cent change in M. For every 5 kg/m
2
increase in childhood BMI, adult M de-
creased by 7.4% (95% CI 12.7 to
1.8%). For every 10 mmHg increase in
childhood sBP, adult M decreased by
5.0% (95% CI 8.4 to 1.4%). Boot-
strapping conﬁrmed that childhood BMI
andsBPwerethetwostrongestchildhood
predictorsofM(chosenin812and768of
the 1,000 replicates). The other six pre-
dictors were chosen 40% of the time.
We did not have enough individuals
or pubertal information to be able to sep-
arate children into pre- and postpubertal
developmental stages; however, in the
small group of children with data before
the age of 12 years (n  37), the relation-
ships between childhood factors and
adult measurements maintain the same
directionality as those in the larger group,
but only the association between child-
hood BMI and adult M was signiﬁcant
(data not shown).
Childhood predictors of adult acute
insulin secretion
Both childhood 2hG (P  0.086) and
2hIns (P  0.014) were chosen for the
ﬁnal model of AIR, but only 2hIns was
statistically signiﬁcant (F  2.68, r
2 
0.23, P  0.017) (Fig. 1). In a reduced
model without 2hIns, neither the model
(P  0.09) nor 2hG (P  0.85) were sta-
tistically signiﬁcant. Additionally, with-
out 2hG in the model, 2hIns was no
longer signiﬁcant (P  0.08), indicating
that 2hG is a suppresser confounder for
2hIns,i.e.,avariableassociatedwithboth
the risk factor and the outcome, which
whenadjustedfor,allowstherelationship
between the factor and the outcome to
become apparent (22). The insulin sensi-
tivity index combining glucose and insu-
lin measurements into a single factor was
not signiﬁcant in the model and did not
improve the ﬁt of the model. Childhood
2hIns explained an additional 8.6% of
variance in adult AIR over the reduced
model. Adjusting for childhood BMI in
the ﬁnal model also did not alter the re-
sults. For every 25% increase in child-
hood 2hIns, adult AIR increased 7.3%
(95% CI 1.5–13.5%). Bootstrapping also
conﬁrmed that childhood 2hIns was the
strongest childhood predictor of adult
AIR (810 of 1,000 replicates). The other
six factors were chosen in less than half
the replicates. Notably, childhood fasting
insulin was only chosen in 177 out of the
1,000 replicates. To further corroborate
these ﬁndings, the ﬁnal model was ap-
plied to adult 30-min insulin levels from
the OGTT, a commonly used surrogate
for AIR. Childhood 2hIns was signiﬁcant
in the model (0.7, 95% CI 0.2–1.2)
with (P  0.007) and without (P  0.04)
2hG, but the association was stronger
when 2hG was included. Again, 2hG was
not quite signiﬁcant (P  0.06).
CONCLUSIONS — In this longitudi-
nal observational study, childhood fac-
tors predicted adult insulin action and
secretion in adults with normal glucose
regulation,i.e.,beforeclinicalevidenceof
glucose dysregulation. The main ﬁndings
are ﬁrst that childhood BMI and sBP are
negatively associated with adult M and,
second, that 2hIns during a childhood
OGTT is positively associated with adult
AIR after adjustment for childhood 2hG.
Both M and AIR predict type 2 diabe-
tes in the Pima population (12), even in
individuals with normal glucose regula-
tion (4). In the development of type 2 di-
abetes, both insulin secretion and insulin
action have already deteriorated by the
time impaired glucose regulation mani-
fests (1). These prior studies indicate that
preventing diabetes should begin at an
early stage and target both insulin resis-
tance and insulin secretion. Our work ex-
pands on this idea by identifying early life
measures that are associated with these
pre-diabetic elements. We have previ-
ously shown that childhood metabolic
factors predict development of type 2 di-
abetes at a young age in Pima Indians (5).
This study found that 2hG, waist circum-
ference, and BMI were the strongest pre-
dictors, whereas sBP and dBP, although
predictors, were relatively weak. This
studydidnotinclude2hIns(5).Anearlier
study which did include 2hIns measure-
ments found that in Pima Indians, paren-
tal diabetes, weight relative to height, and
2hG predicted adult risk of type 2 diabe-
tes (10). In this study, weight relative to
height and fasting and 2hG and insulin
levels were associated with parental dia-
betes.Wedidnotﬁndparentaldiabetesto
beanimportantcontributortoeitherMor
AIR in our study, but this may be due to
use of M and AIR as outcomes in the
present analysis and diabetes in the pre-
vious articles (5,10). Our analysis sepa-
rates the physiologic components of
diabetes to determine individual predic-
tors in this population based dataset of
longitudinal data. We show that these
Table 1—Subject characteristics during childhood and adulthood
Childhood Adult
Age (years) 11.7  2.6 25.3  3.2
BMI (kg/m
2) 21.3  5.0 34.2  7.7
% Body fat 32.3  8.2
sBP (mmHg) 99  15 112  11
dBP (mmHg) 56  10 66  9
Cholesterol (mmol/l) 3.4  0.5
Fasting glucose (mmol/l) 5.0  0.4 4.7  0.4
2hG (mmol/l) 5.5  1.2 6.1  0.9
Fasting insulin (pmol/l) 128 (90–208) 270 (207–360)
2hIns (pmol/l) 576 (319–056) 1,039 (680–1,379)
AIR (pmol/l) 1,787 (1,241–2,387)
Insulin action (mg glucose/kg EMBS per minute) 2.31 (2.10–2.91)
Data are means  SD or medians (25th to 75th percentile). The median duration of follow-up between
evaluations was 13.4 years (range 6.5–21.0). EMBS, estimated metabolic body size.
Early predictors of insulin action and release
940 DIABETES CARE, VOLUME 32, NUMBER 5, MAY 2009childhood factors are predictive even
across life stages, with a minimum sepa-
ration of 6.5 years. We purposefully only
looked at children between the ages of 5
and 16 years before the completion of
growthanddevelopmentandreevaluated
these individuals after the age of 21 years
when development was complete. Our
data indicate that changes contributing to
later risk of diabetes may begin during
childhood.
Childhood sBP and BMI, both mea-
sures related to adiposity (23), indepen-
dently predict adult insulin action. While
lifelong obesity may be a causative factor
as childhood obesity is strongly associ-
atedwithadultobesity(6,7),therelation-
ships in this study were independent of
adult percent body fat. This implies that
excessadiposityduringdevelopmentmay
have adverse effects independent of later
body size. The association of childhood
sBPwithadultMmayreﬂectcommonun-
derlying mechanisms that begin early in
life and may be as simple as a sedentary
lifestyle or more complex such as sympa-
thetic hyperfunction or increased inﬂam-
mation. Others have found that sBP in
childhood, but not dBP, predicts meta-
bolic syndrome, a component of which is
impaired fasting glucose, with or without
hypertension later in life (8). Our study
adds to this previous study by separating
the effects of insulin action from insulin
release. In the Bogalusa Heart Study, the
corollary was found where people who
developed hypertension as adults were
more likely to have had insulin resistance
during childhood (19). Also, in the Boga-
lusa Heart Study, development of insulin
resistance syndrome as an adult was
strongly predicted by childhood BMI
(20). In another study, childhood BMI
and sBP were related to adult insulin sen-
sitivity; however, these associations were
attenuated when adult waist circumfer-
ence and maximal aerobic capacity were
included as confounders (21).
We also found that childhood insulin
response during OGTT is a predictor of
adult AIR independent of childhood BMI
and adult percent body fat. 2hG was
found to be a suppressor variable for
2hIns. The explanation for 2hG as a sup-
pressor may be that a less robust insulin
response is required to maintain a rela-
tively low glucose level in an insulin-
sensitive child. The association between
2hIns and future AIR implies that -cell


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































DIABETES CARE, VOLUME 32, NUMBER 5, MAY 2009 941discovered reasons is unclear. It has been
shownthatinsulinreleaseinPimaIndians
is similar to African Americans and exag-
gerated when compared with Caucasians
(23). Although the prevalence of diabetes
is much higher in the Pima Indian popu-
lation, in general, diabetes in this popula-
tion has been prototypic of type 2
diabetes in other populations.
Overall, our population had lower
childhood BMIs and lower average sBP
and 2hIns levels than the general Pima
Indian population with childhood mea-
sures; the lower sBP and insulin levels
were attributable to the lower BMI levels.
Thisislikelyduetoasurvivoreffectgiven
our selection of adults with normal glu-
cose regulation, who may have had rela-
tively lower childhood BMIs than those
excluded for impaired glucose regulation
or diabetes. Nevertheless, as M and AIR
are predictors of type 2 diabetes, even in
adults with normal glucose regulation,
our results are still relevant. Another lim-
itationofthisstudyisthesmallnumberof
participants who met our inclusion crite-
ria for this analysis. This may have re-
sulted in overﬁtting of our model given
the number of childhood factors evalu-
ated relative to our sample size. However,
we did rerun the models using forward
selection, which is better suited for deal-
ing with small sample sizes (22) with
identical results. The results from our
analysisarealsoconsistentwithourboot-
strapped analysis and with the literature
previously mentioned. Nevertheless,
given the small sample size, the ﬁndings
should be interpreted cautiously pending
replication in other studies.
In conclusion, abnormalities contrib-
uting to adult insulin resistance and re-
lease and, thus, risk of diabetes appear to
begin in childhood or earlier. While it is
important to implement preventive life-
stylemeasuresonceimpairedglucosereg-
ulation develops, identifying childhood
factors that contribute to or associate
with pathological declines in M and AIR
may uncover earlier preventive targets
in advance of clinical evidence of dys-
function. In particular, our study im-
plies that prevention of future declines
in insulin action may be possible
through modiﬁcation of childhood
body weight, but insulin secretion may
not be modiﬁable through lifestyle
interventions.
Acknowledgments— This research was sup-
ported by the Intramural Research Program of
the National Institute of Diabetes and Diges-
tive and Kidney Diseases, National Institutes
of Health.
No potential conﬂicts of interest relevant to
this article were reported.
We thank the members of the Gila River
Indian Community who volunteered for our
studies. We also thank the staff of the Dia-
betes Epidemiology and Clinical Research
Section and the Clinical Research Unit for
their contributions.
Figure 1—Simple linear regression plots between childhood predictors
and adult measures; r
2 and P values are indicated on the graphs. A:
Negative association between childhood BMI and log10 adult insulin
action (M). M was log10 transformed to meet the assumptions of linear
regression. B: Negative association between childhood sBP and log10
adultinsulinaction(M).C:Positiverelationshipbetweenlog10ofchild-
hood 2-h insulin levels during an OGTT and log10 adult AIR. All mea-
sures of insulin in this study were log10-transformed to meet the
assumptions of linear regression. EMBS, estimated metabolic body size.
Early predictors of insulin action and release
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